Solid oxide fuel cells ͑SOFCs͒ that utilize 8 mol % yttriastabilized zirconia ͑YSZ͒ electrolyte, La 1−x Sr x MnO 3 ͑LSM͒ cathode, and nickel-YSZ anode typically operate at temperatures above 800°C. To reduce SOFC cost and increase SOFC durability, intense research efforts have been focused on reducing operating temperatures to 700°C or lower without sacrificing SOFC efficiency. [1] [2] [3] However, the main barrier to achieve acceptable SOFC efficiency at intermediate temperatures is the voltage loss at the LSM cathode, where oxygen reduction reaction ͑ORR͒ occurs. 4 Because oxygen ion conduction is poor in LSM, [5] [6] [7] it is generally believed that the vicinity of three-phase boundaries ͑TPBs͒ of LSM cathode constitutes the active site for ORR. [8] [9] [10] [11] Therefore, numerous studies have employed porous, high-surface-area electrodes with nanometer-scale LSM particle sizes [12] [13] [14] or composite LSM-YSZ 3, 15, 16 to enhance overall TPB length and thus lower ORR resistance and overpotential. However, it is not apparent how LSM particle sizes alter the rate-limiting reaction of ORR and the contributions of the TPB and bulk pathway 6, 17, 18 as a function of temperature, which limits the efficiency optimization of porous electrodes for intermediate temperature operation.
Electrodes with well-defined geometries, such as dense coneshaped pellets, [19] [20] [21] thin films, [22] [23] [24] [25] and patterned microelectrodes, [26] [27] [28] [29] [30] [31] [32] [33] have been used to provide simple scaling relationships between ORR impedance and electrode dimensions, such as TPB length. Mizusaki et al. 6 first demonstrated that oxygen-ion diffusion can occur through dense, oxygen-over-stoichiometric LSM electrodes having thickness of 1-2 m at 700-900°C. Brichzin et al. 28, 29 have subsequently utilized microelectrodes with a thickness of 100 nm to show that ORR occurs predominantly via the bulk pathway instead of the TPB pathway at 800°C. In addition, Koep et al. 30 have used dense, patterned LSM electrodes of different thickness to show a critical thickness of 360 nm at 700°C, where the bulk pathway dominates having surface reactions as rate limiting for ORR. More recently, la O' et al. 33 have employed microelectrodes to propose four distinct processes during ORR on LSM: ͑i͒ ion transport in 8YSZ, ͑ii͒ a surface diffusion process on LSM, ͑iii͒ at least one surface chemical process͑es͒ on LSM, and ͑iv͒ a mixed bulk/ TPB charge transfer process. Our previous studies 33 suggest that the overall ORR rate can be limited by mixed bulk/TPB charge transfer processes below 700°C and surface chemical reactions above 700°C. From these studies, open questions still exist on how the critical thickness is affected by temperature and how the relative contributions of the TPB and bulk pathways to ORR are affected.
In this study, we use dense, thin-film La 0.8 Sr 0.2 MnO 3 ͑LSM80-20͒ microelectrodes to investigate the effect of different electrode thickness and temperatures on the kinetics of ORR. Using electrochemical impedance spectroscopy ͑EIS͒, we show that greater microelectrode thickness leads to increasing transition temperature, upon which surface chemical process͑es͒, such as surface oxygen exchange, becomes the rate-limiting step for ORR relative to the bulk/TPB charge-transfer process.
Experimental
YSZ ͑Praxair Specialty Ceramics, USA͒ was initially sputtered onto alumina ͑Al 2 O 3 ͒ substrates ͑MTI Crystal, USA͒ achieving a layer thickness of ϳ500 nm, which was annealed subsequently in air at 800°C for 3 h. Three LSM80-20 films of different thickness, 65, 240, and 705 nm were subsequently deposited on top of the YSZ film at 550°C. The bilayer films of LSM80-20 and YSZ supported on Al 2 O 3 substrate were then annealed in air at 800°C for 10 h before any electrochemical measurements were performed. Platinum ͑Pt͒ counter electrodes were sputter-deposited adjacent to the LSM80-20 microelectrodes. Further details on the fabrication and photolithography processing are found in a previous study. 33 Microelectrode morphology was examined before and after EIS testing using optical microscopy ͑Mitutoyo FS-70, Kawasaki, Japan͒ and scanning electron microscopy ͓͑SEM͒, FEI/Philips XL30 FEG ESEM, Oregon, USA͔.
EIS measurements of annealed LSM80-20 microelectrodes, ϳ190 m in size, were performed using a microprobe station ͑Karl Suss, Germany͒ equipped with a temperature-controlled stage ͑Linkam TS1500, UK͒. EIS measurements were performed with a Solartron 1260 frequency response analyzer and a Solartron 1296 dielectric interface. EIS data were collected in the frequency range from ϳ1 MHz to ϳ 100 Hz using an ac voltage amplitude of 10 mV and zero dc bias in the temperature range of 790-570°C in air. Microelectrode surface temperatures were confirmed using a thermocouple contacting the surface, which showed a deviation of Ϯ5°C for each temperature set point. ZView software ͑from Scribner Associates, USA͒ was used to construct the equivalent circuit and perform complex least-squares fitting to deconvolute the impedance response and extract resistance and capacitance values of different processes. In the low-frequency range, two distinct semicircle arcs, labeled as LF1 and LF2, are observed. At the high-frequency region, an intercept, identified as Rs, and a linear impedance region, labeled as ALO-W, were observed. ALO-W was modeled using a finite-length Warburg element to capture the surface diffusion resistance that was hypothesized in a previous study. 33 EIS measurements were performed using in-plane configuration, shown in the inset in Fig. 1a , which included the LSM80-20 and Pt microelectrodes side by side on the top surface of the YSZ film and spaced ϳ10 to 40 m apart, as described in detail in a previous study. 33 Pt-coated tungsten carbide microneedles subsequently con-tacted the LSM80-20 and Pt microelectrodes for testing. The inplane geometry of the two-electrode LSM80-20 and Pt cell used in this study can lead to nonuniform current distributions within the electrolyte and electrode-electrolyte interface. Further experiments involving cross-plane geometries and three-electrode cells would provide further insights into the mechanism of ORR on LSM80-20.
Results and Discussion
Optical microscopy and SEM showed that LSM80-20 microelectrodes supported on YSZ after annealing were fully dense and crack free. The microelectrodes showed no significant damage after contacting with microprobe needles for EIS measurements. The sputtered LSM80-20 and YSZ films were found to be crystalline and have the rhombohedral perovskite and cubic fluorite structures after annealing, respectively. 33 Representative complex-plane and Bode impedance plots of LSM80-20 microelectrodes with different thickness collected at 660°C in air are shown in Fig. 1a and b, respectively. All the data from LSM80-20 microelectrodes having thickness of 240 nm in this study were extracted from a previous study. 33 As expected, the highfrequency intercept attributed to ion transport in YSZ electrolyte was found to remain constant for LSM80-20 microelectrodes of different thickness, shown in the inset in Fig. 1a . Similarly, the impedance for the LF1 semicircle was found unchanged with different microelectrode thickness, as shown in Fig. 1a . As the influence of the microelectrode thickness change from 65 to 705 nm on the surface area ͑ϳ40,000 m 2 ͒ of the microelectrodes is negligible, the constant impedance response of the LF1 semicircle is in good agreement with previous findings, 33 where the LF1 process can be attributed to a surface chemical process, such as surface oxygen exchange. In contrast, the LF2 semicircle, having been attributed to mixed bulk/TPB charge transfer processes, 33 was found to have impedance dependent on microelectrode thickness, as shown in Fig.  1a . Not only did the real impedance increase, but also the peak frequency, shown in Fig. 1b , was reduced by increasing microelectrode thickness. For example, the peak frequency of the 705 nm LSM80-20 microelectrode was 1 order of magnitude lower than the microelectrode of 65 nm, as shown in Fig. 1b . These results indicate that increasing LSM80-20 electrode thickness at this temperature impedes the ORR kinetics.
The temperature dependence of the impedance of LSM80-20 microelectrodes was then examined and fitted to a standard equivalent circuit used previously, 33 as shown in the inset in Fig. 1b . The activation energy of Rs, LF1, and LF2 is shown in Fig. 2a . The activation energy of ALO-W ranged from ϳ1.1 to ϳ 1.6 eV. As hypothesized in a previous study, 33 this suggests surface diffusion of oxygen species on LSM80-20. The Rs of microelectrodes with three different thickness was found to have comparable activation energy in the range from 1.15 Ϯ 0.02 to 1.20 Ϯ 0.02 eV, which falls in the upper range of activation energy of ion transport in YSZ. [34] [35] [36] [37] The activation energy of LF1 for all microelectrodes was found to be similar in the range from 1.71 Ϯ 0.02 to 2.02 Ϯ 0.02 eV, which is in reasonably good agreement with previous findings on porous LSM. 11, 15, 25, 38 The activation energy of LF2 was found to vary with microelectrode thickness, from 2.42 Ϯ 0.02 eV for the microelectrode of 705 nm to 3.44 Ϯ 0.03 eV for the microelectrode of 7, 39 is in the range of 2.6-3.0 eV. It is hypothesized that this increase in the activation energy can result from decreasing the contribution of the TPB pathway relative to the bulk pathway with decreasing the microelectrode thickness. In addition, LSM80-20 thin-film microelectrodes with nanometer-sized grains ͑20-70 nm͒, reported previously, 33 may have higher activation energy for oxygen ion diffusion, as shown by higher grain boundary activation in tracer diffusion studies than micron-sized LSM particles used in previous studies. 7, 39 As suggested by Adler, 40 chemical capacitance can provide insight into the extent of the bulk pathway contribution to ORR. Chemical capacitance of LF1 and LF2 was obtained from impedance data using the expression from Fleig, 41 C = ͑R 1−p T͒ 1/p , as shown in Fig. 2b . In this expression, R is the parallel resistance value in the equivalent circuit, T is the nonideal "capacitance," and p is the nonideality factor used to fit the constant phase element ͑CPE͒. T and p can be determined from the CPE expression Z CPE = 1/T͑i͒ P . 42 The chemical capacitance of LF1 was found to be comparable for microelectrodes of different thickness over the entire temperature range, which further supports that LF1 can be attributed to a surface chemical process, such as the surface oxygen exchange reaction on LSM80-20. For LF2, this being attributed to a mixed bulk/TPB process, the thicker electrode at higher temperatures would be expected to have a higher capacitance per unit area due to increased material. The chemical capacitance of LF2 was found to ͑i͒ increase with rising temperature, ͑ii͒ increase proportionally with the thickness at elevated temperatures where the bulk pathway was found to be more dominant ͑ϳ1.2 times at 600°C to ϳ2.4 times at 790°C using the capacitance ratio of LF2 705 nm /LF2 240 nm ͒, and ͑iii͒ have similar values for microelectrodes of different thickness at low temperatures ͑570°C͒, where the TPB pathway was dominant. These results further support the assignment of LF2 to the mixed bulk/TPB charge transfer.
To determine the rate-limiting step in ORR on LSM80-20 microelectrodes having thickness of 65, 240, and 705 nm, the ORR resistance fractions in the total impedance are plotted as a function of temperature, as shown in Fig. 3a . The ORR resistance fractions from Rs and ALO-W were each Ͻ20% of the total ORR impedance over the entire range of thickness and temperature examined. These two components did not contribute to the rate-limiting step in ORR. For the LSM80-20 microelectrode with thickness of 65 nm, the mixed TPB/bulk charge-transfer process ͑LF2͒ limits ORR at temperatures below 610°C while the surface oxygen exchange reaction ͑LF1͒ dominates the real impedance at temperatures of Ͼ610°C. The transition temperature, on which the rate-limiting process of ORR was changed from the TPB/bulk charge transfer to the surface oxygen exchange, was found to increase with greater microelectrode thickness ͑240 nm at ϳ700°C and 705 nm at ϳ800°C in Fig. 3a͒ . The data in Fig. 3a is then replotted in Fig. 3b to show how the fractions of LF1 and LF2 resistance change as function of microelectrode thickness at 700°C. Because the contribution of surface oxygen exchange ͑LF1͒ to the total impedance is comparable to that of mixed TPB/bulk charge transfer ͑LF2͒ for microelectrode thickness of 240 nm, it is proposed that a LSM80-20 microelectrode with thickness of Ͻ240 nm can be considered as an effective mixed conductor. It should be mentioned that the critical thickness of 240 nm is lower than that ͑360 nm͒ reported previously by Koep et al. 30 at 700°C. This difference might be attributed to the fact that LSM80-20 microelectrodes in this work can have different microstructure and surface chemical compositions from this previous study, which could greatly affect the surface exchange and TPB/bulk charge transfer, respectively. With decreasing temperature, the TPB pathway can become dominant for ORR on LSM80-20 as a result of increasing resistance to bulk transport of oxygen ions. In this case, LF2 impedance ratios between microelectrodes with different thicknesses should approach 1 for a given microelectrode size. At 570°C, the ratio in LF2 impedance between microelectrodes with thickness of 705 and 240 nm, LF2 705 nm /LF2 240 nm was found to be ϳ1.5, which supports that the TPB pathway is dominant for ORR on LSM80-20 with thickness of Ͼ240 nm and at temperatures at Ͻ570°C. In contrast, with increasing temperature, the bulk pathway can become dominant, where the ORR impedance response should scale with electrode thickness. At 790°C, the ratio of LF2 705 nm /LF2 240 nm impedance was found to be ϳ4, which is comparable to the ratio 3 of microelectrode thickness. One possible explanation for the deviation may arise from the fact the impedance values of LF1 and LF2 are comparable for the microelectrode of 705 nm at 790°C, where oxygen-ion current can have a relatively higher TPB contribution than that of the microelectrode of 240 nm. Consequently, the LF2 705 nm impedance is increased due to restricted bulk pathway to the overall current, which leads to the higher LF2 705 nm /LF2 240 nm ratio than the ratio of microelectrode thickness.
Although different temperatures may induce changes in the current distributions in the in-plane configuration, it is hypothesized that these changes, if any, have no significant effect on the activation energy and transition temperature reported in this article. This hypothesis is based on the following observations: ͑i͒ a linear Arrhenius relationship was observed for Rs, LF1, and LF2 real resistance vs temperature on all LSM80-20 microelectrodes; ͑ii͒ activation energies for Rs and LF1 are found to be similar for all LSM80-20 microelectrode thicknesses tested ͑Fig. 2a͒. In addition, the activation energy values for Rs and LF1 correlate very well with the expected values for ion conduction in YSZ [34] [35] [36] [37] and surface oxygen exchange on LSM, 11, 15, 25, 38 respectively; ͑iii͒ activation energy values found for LF2 that were attributed to bulk transport in LSM in this article fall in the expected range for bulk oxygen transport in LSM. 7, 39 Insight into ORR kinetics from this microelectrode study could A shift in the transition temperature between LF1 and LF2 is observed with varying thickness. ͑b͒ The fraction of LF1 and LF2 in the overall oxygen reduction resistance as a function of microelectrode size at 700°C. Surface oxygen exchange, LF1, was found limiting for microelectrodes with thickness of Ͻ240 nm. All samples were tested in air with zero bias.
be potentially applied to guide the design and development of advanced LSM80-20 electrodes and micro-SOFCs that can operate at intermediate temperatures. In this study, it was found that the surface oxygen exchange could become the rate-limiting step of ORR for LSM80-20 with decreasing microelectrode thickness or at increasing operating temperature. Our results in this study allow the determination of thickness where the real impedance of the surface exchange and mixed bulk/TPB charge transfer is equal as a function of temperature, as shown in Fig. 4 . Therefore, to maximize the ORR activity of LSM80-20 porous and thin-film electrodes, one would need to design microelectrode thickness or LSM80-20 particle size and choose the operating temperature to the right side of critical thickness line in Fig. 4 , where the bulk pathway dominates the current for ORR. Further improvements on microelectrode performance beyond decreasing film thickness would then have to come from the enhancement of the surface exchange reaction, such as cathodic polarization treatment 43, 44 and surface elemental modification.
45,46

Conclusions
Investigation of ORR using dense, thin-film LSM80-20 microelectrodes has revealed a rate-limiting step that is dependent on operating temperature and electrode thickness. LSM80-20 thickness where the surface exchange and mixed bulk/TPB charge transfer colimit the ORR impedance is provided as a function of temperature, which can be used to serve as a guide for the design of thinfilm electrodes for micro-SOFCs and porous electrodes for conventional SOFCs that can operate at temperatures lower than 700°C. 
